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The Ocean Observatories Initiative (OOI) is an integrated network that enables scientific
investigation of interlinked physical, chemical, biological and geological processes
throughout the global ocean. With near real-time data delivery via a common
Cyberinfrastructure, the OOI instruments two contrasting ocean systems at three scales.
The Regional Cabled Array instruments a tectonic plate and overlying ocean in the
northeast Pacific, providing a permanent electro-optical cable connecting multiple
seafloor nodes that provide high power and bandwidth to seafloor sensors and
moorings with instrumented wire crawlers, all with speed-of-light interactive capabilities.
Coastal arrays include the Pioneer Array, a relocatable system currently quantifying the
New England shelf-break front, and the Endurance Array, a fixed system off Washington
and Oregon with connections to the Regional Cabled Array. The Global Arrays host
deep-ocean moorings and gliders to provide interdisciplinary measurements of the
water column, mesoscale variability, and air-sea fluxes at critical high latitude locations.
The OOI has unique aspects relevant to the international ocean observing community.
The OOI uses common sensor types, verification protocols, and data formats across
multiple platform types in diverse oceanographic regimes. OOI observing is sustained,
with initial deployment in 2013 and 25 years of operation planned. The OOI is distributed
among sites selected for scientific relevance based on community input and linked by
important oceanographic processes. Scientific highlights include real-time observations
of a submarine volcanic eruption, time-series observations of methane bubble plumes
from Southern Hydrate Ridge off Oregon, observations of anomalous low-salinity pulses
off Oregon, discovery of new mechanisms for intrusions of the Gulf Stream onto the shelf
in the Middle Atlantic Bight, documentation of deep winter convection in the Irminger
Sea, and observations of extreme surface forcing at the most southerly surface mooring
in the world ocean.
Keywords: ocean observing, marine geology and geophysics, physical oceanography, biological oceanography,
chemical oceanography, ocean engineering
INTRODUCTION
Overview
The Ocean Observatories Initiative (OOI) is a distributed, integrated network designed to
enable next-generation scientific investigations of the complex, interlinked physical, chemical,
biological, and geological processes that operate throughout the global ocean (ORION Executive
Steering Committee, 2005, 2007). Since inception, the OOI has been a community-driven effort
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that continually incorporates and adapts state-of-the-art
technology, with a goal of answering fundamental questions in
Ocean and Earth Sciences, and contributing vital information to
societally important activities, including fisheries management,
maritime shipping, public safety, homeland security, hazards,
and weather and climate forecasting. The OOI arrays
(Figure 1), supported by documented procedures and
metadata, and distributed to users in real-time via a common
Cyberinfrastructure, address important questions at global,
regional and local scales.
The Regional Cabled Array instruments a tectonic plate and
overlying ocean at key locations in the northeast Pacific off
Oregon, providing a permanent electro-optical cable connecting
multiple seafloor nodes that provide high power and bandwidth
for sensors from the seafloor to the ocean surface (Kelley
et al., 2016). This system, which brings high-power and
high- bandwidth real-time, two-way communications into the
oceans with adaptive sampling capabilities, will continue to
provide new insights into interlinked seismic, volcanic, and
hydrothermal processes operating off the Oregon coast, the
flux of methane from the seafloor, and the seafloor biosphere.
The cabled moorings, which include instrumented wire crawlers
and winched profilers, and associated seafloor instrumentation
provide high-resolution temporal measurements of blue water
and coastal ocean dynamics and ecosystems (e.g., hypoxia, thin
layers, plumes, upwelling), biogeochemical interactions, and
turbulent mixing.
The Coastal Arrays include the Endurance Array, a
fixed system with connections to the Cabled Array, located
off Washington and Oregon, and the Pioneer Array, a
relocatable system with approximately 5 years planned at
a series of locations to be selected by the National Science
Foundation. The Endurance Array includes moorings
and gliders to observe the coastal upwelling region of the
Oregon and Washington coasts, and provides synoptic, multi-
scale observations of the eastern boundary current regime,
focusing on shelf-slope and air-sea exchange, carbon cycling,
and acidification. The Pioneer Array currently occupies
the New England shelf break, where moorings, gliders
and propeller-driven underwater vehicles (e.g., Nicholson
and Healey, 2008) are quantifying shelf-slope exchange
and related interdisciplinary processes near the persistent
shelf-slope front, which drive some of the nation’s most
productive ecosystems.
The Global Arrays consist of deep ocean moorings (e.g.,
Weller et al., 2012) and buoyancy-driven ocean gliders (Rudnick
et al., 2004) that provide interdisciplinary measurements of the
water column, mesoscale variability, and air-sea fluxes at critical
locations worldwide. Locations include the Irminger Sea off
Greenland, a site of the deep-water formation that forms part of
the Atlantic meridional overturning circulation, a key component
of the climate system; Station Papa in the Northeast Pacific, a site
of longstanding interdisciplinary interest; the Argentine Basin, a
highly biologically productive, energetic, data-sparse region; and
the Southern Ocean off Chile, seen as central to the global carbon
cycle and global heat and energy budgets (National Academies of
Sciences, Engineering and Medicine, 2015).
The OOI CI is based on the uFrameTM software, developed
by Raytheon, Inc., and adapted and extended for OOI use. The
uFrame-based system parses and processes raw data and presents
it in response to user queries, made over the Internet through
the CI web-based portal access point. A machine-to-machine
(M2M) interface provides programmatic access to a Program
network, termed OOINet, through a representational state
transfer (RESTful) application programming interface (API).
M2M supports an alternative ERDDAP data delivery solution.
The CI system uses a life-cycle management architecture that
integrates a redundant enterprise storage area network (disk-
based) and a robotic library (tape-based), with redundancy
implemented at different layers. The CI software system uses
a service-oriented architecture (AOA) and implements dataset
drivers, cabled instrument and platform drivers, and data product
algorithms to produce data products on demand. The OOI CI
system implements a multi-tier security approach, supporting
traffic encryption, network traffic segregation, multi-layer traffic
filtering, multi-layer access control, and monitoring.
The OOI was designed to provide a unified approach to the
comprehensive investigation of themes central to Ocean and
Earth Science (ORION Executive Steering Committee, 2005):
(1) ocean-atmosphere exchange; (2) climate variability, ocean
circulation, and ecosystems; (3) turbulent mixing and biophysical
interactions; (4) coastal ocean dynamics and ecosystems; (5)
fluid-rock interactions and the subseafloor biosphere; and (6)
plate-scale, ocean geodynamics.
As a science-driven ocean observing program, the OOI is
related to but distinct from the Integrated Ocean Observing
System (IOOS), which has the mission of producing and
communicating information that meets the safety, economic,
and stewardship needs of the United States (e.g., Rayner,
2010). The OOI Coastal Pioneer Array complements the nearby
IOOS arrays maintained by the Northeastern Association of
Coastal Ocean Observing Systems (NERACOOS) and the Mid-
Atlantic Regional Association Coastal Ocean Observing System
(MARACOOS). Similarly, the OOI Regional Cabled Array and
the OOI Coastal Endurance Array complement the nearby IOOS
array maintained by the Northwest Association of Networked
Ocean Observing Systems (NANOOS).
Elements of OOI History
After extensive planning, advocacy, and collaboration by
community leaders in the 1990s, the National Science Board
in 2000 approved the OOI (then called ORION) as a potential
Major Research Equipment and Facilities Construction project
for possible incorporation in a National Science Foundation
(NSF) budget. The NSF established the OOI Project Office in
2004 and an Executive Steering Committee in 2005 to coordinate
further planning.
In 2005, the OOI Project Office issued a Request for
Assistance, resulting in submission of 48 proposals, which were
peer reviewed. NSF Advisory Committees used the proposals
and reviews to develop the Conceptual Network Design, which
was presented at a community-wide Design and Implementation
Workshop in 2006. In 2006, the NSF assembled a Science Panel,
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FIGURE 1 | OOI Arrays. Figure credit: Center for Environmental Visualization, UW School of Oceanography.
which reviewed and endorsed the Conceptual Network Design,
and a Conceptual Design Review, which endorsed the feasibility,
budget, and plans.
In 2007, through competitive peer-reviewed processes, the
NSF selected the University of Washington (UW) as the
Implementing Organization (IO) for the Regional Cabled Array,
the University of California San Diego (UCSD) as the IO for
the Cyberinfrastructure, and the Woods Hole Oceanographic
Institution (WHOI), in partnership with the Scripps Institution
of Oceanography (SIO) and Oregon State University (OSU),
as the IO for the Coastal and Global Scale Nodes, consisting
of the Coastal Endurance and Pioneer Arrays and the Global
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Arrays. The Consortium for Ocean Leadership (COL) hosted
the Project Management Office. NSF held Preliminary and Final
Design Reviews in 2007 and 2008, resulting in acceptance of the
OOI Final Network Design and a recommendation to proceed
with construction. The NSF held a Cost and Schedule Review
and a Science Review Panel in 2009. Following authorization
by the National Science Board, the NSF in 2009 established a
Cooperative Agreement with COL to initiate funding for design
and construction, and COL established subawards to the IOs.
Design commenced in 2009, and the subsequent construction,
installation, testing, and validation culminated in commissioning
of the OOI arrays in 2016, followed by initial operation. During
design and construction, OSU became a separate IO responsible
for the coastal Endurance Array, SIO withdrew from the Coastal
and Global Scale Nodes, and the Cyberinfrastructure transitioned
first to SIO and then, using an alternative technological approach,
to Rutgers University. In 2017, because of budget constraints,
the Global Array in the Argentine Basin was discontinued,
although data collected at this site continues to be served
through the OOI Cyberinfrastructure, and the Global Array in
the Southern Ocean was reduced in scope, although continued
under joint funding from the NSF through the OOI and from
the United Kingdom.
In 2016, the NSF issued a solicitation for operation and
management of a five-year continuation of the OOI, termed
OOI 2.0, with an option to renew. The NSF reviewed and
evaluated the proposals and submitted status and plans to the
National Science Board, which in 2018 approved allocation of
funds to the continuation of the OOI. The NSF established a
Cooperative Agreement with WHOI, which in turn established
Cooperative Agreements with partners UW, OSU, and Rutgers.
WHOI hosts the Program Management Office and is responsible
for the Coastal Pioneer and Global Arrays. UW, OSU, and
Rutgers are responsible for the Regional Cabled Array, Coastal
Endurance Array, and Cyberinfrastructure, respectively. OOI 2.0
commenced in October 2018.
Scope of This Article
The following describes science drivers, infrastructure, and
science highlights for the Regional Cabled Array (Section
“Regional Cabled Array”), the Coastal Endurance and Pioneer
Arrays (Sections “Coastal Endurance Array” and “Coastal
Pioneer Array”), and the Global Arrays (Section “Global
Arrays”). Section “The Future” addresses the future. The
Cyberinfrastructure is described elsewhere (Rodero Castro and
Parashar, 2016, 2019; Zamani et al., 2017).
REGIONAL CABLED ARRAY
Science Drivers
The network design for the high-power and -bandwidth Regional
Cabled Array (RCA, Figures 1, 2) is based on the premise that
many globally significant processes, which operate beneath/at
the seafloor and throughout the overlying water column,
are expressed at or below a regional scale (Regional Cabled
Observatory Network (of Networks) [RECONN], 2004). Hence,
the implemented RCA extends>500 km across the Juan de Fuca
Plate spanning coastal to blue water environments and from the
Cascadia Margin to the Juan de Fuca mid-ocean ridge spreading
center. The extended spatial coverage of the RCA, real-time
two-way communication capabilities, 24/7 measurements over
decades, and sampling periods from microseconds to minutes
provide unparalleled capacity to examine in both space and
time processes at the scales at which they are operating and
interacting with a representative suite of natural phenomena that
occur throughout the world’s ocean. The key site locations and
science drivers for the RCA were honed from sixteen proposals
involving>175 scientists that responded to the NSF’s Request for
Assistance in 2005. Primary science drivers and detailed rational
for the RCA are described in the RECONN report (Regional
Cabled Observatory Network (of Networks) [RECONN], 2004)
and in the OOI Science Prospectus (ORION Executive Steering
Committee, 2005, 2007). Each RCA site, briefly described below,
is located in a specific geographic region (Figure 2) to address the
most science for the widest community.
The Slope Base – Cascadia Margin site is located∼125 km east
of Newport, Oregon (OR), adjacent to the continental slope at a
water depth of approximately 2,900 m. Here, RCA geophysical
sensors focus on detection of seismic and tsunami events
associated with earthquakes along the Cascadia Subduction Zone
and within the accretionary prism. Shallow Profiler and Deep
Profiler moorings with a complementary set of seafloor sensors
are directed at understanding processes associated with climate
change, ocean and ecosystem dynamics, biogeochemical cycles,
and topographic forcing effects in an area impacted by the eastern
boundary California Current.
The Southern Hydrate Ridge site (780 m water depth) hosts
abundant vigorously venting seeps that emit methane-rich fluids
with bubble plumes reaching>400 m above the seafloor, possibly
supporting life in the upper water column (Philip et al., 2016).
The seeps support dense colonies of methane-metabolizing
microbes and animals with methane hydrogen sulfide utilizing
symbionts (Suess, 2014). Science drivers include quantifying the
flux of methane from the seafloor into the overlying ocean,
critical to understanding carbon-cycle dynamics and the impacts
of global warming on methane release. Other science drivers
include understanding biogeochemical coupling, associated with
gas hydrate formation and destruction, and linkages between
seismic activity and methane release.
The Oregon Endurance Array Offshore and Shelf Sites
include both uncabled and RCA infrastructure (Figure 2).
This is a multi-scale array utilizing fixed and mobile assets
to observe cross- and along-shelf variability in the coastal
upwelling region off the OR coast, while simultaneously
providing an extended spatial footprint that encompasses a
prototypical eastern boundary current regime (the California
Current). This integrated infrastructure bridges processes from
the coastal zone (OR and Washington Endurance Arrays;
Southern Hydrate Ridge) through their transition into the ocean
basin interior (Slope Base and Axial Seamount). These sites are
designed to examine biogeochemical and physical oceanographic
processes within such highly productive coastal environments
(see Section “Coastal Endurance Array”), specifically, the impacts
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FIGURE 2 | Location of the Regional Cabled Array spanning the Cascadia Margin and Juan de Fuca Plate. Coupled Shallow Profiler and Deep Profiler Moorings are
located at the Slope Base, Oregon Endurance Offshore and Axial Base sites. Location of Primary Nodes (PN1B–PN3B and the mid-plate site (PN5A) are shown
connected to the backbone cable. Potential expansion capabilities include the Blanco Fracture Zone and sites off of Grays Harbor, WA. Figure credit: Center for
Environmental Visualization, UW School of Oceanography.
of wind-driven upwelling of nutrient-rich currents on biological
communities and hypoxia events.
The Axial Seamount site is located far from the continental
shelf (>350 km) and hence represents an open-ocean or pelagic
site in the continuum of observing scales represented in the
RCA system (Figures 2, 3; Kelley et al., 2014). Here, large-scale
currents including the North Pacific Current, the subpolar gyre
and the northern end of the California Current interact. These
currents transport heat, salt, oxygen, and biota, all of which
are crucial to the region’s ecosystem. The currents’ variability
arises from forcing with timescales as varied as tide and winds to
interannual (El Niño) and decadal (Pacific Decadal Oscillation)
processes. Science themes focused on Axial Base include: (1)
How, and how strongly do tidal currents break down into
turbulence, and what are the feedbacks on the large scale
current system? (2) What is the impact of long- and short-term
forcing changes on the structure and transports of the large-scale
current system? and (3) What are their effects on the ecosystem?
Additional focus is on monitoring plate scale seismicity and
local earthquakes associated with magma migration within the
volcano, as well as spreading events along the Juan de Fuca Ridge
and far-field earthquakes.
The Axial Caldera site is the most advanced underwater
volcanic observatory in the worlds’ oceans (Figures 2, 3; Kelley
et al., 2014, 2016). The submarine volcano, located ∼500 km
off the OR coast, is the most magmatically robust volcano
on the Juan de Fuca Ridge (Figure 2). A diverse seafloor
instrument array at the summit of the volcano focuses on better
understanding of crustal formation processes, including diking-
eruptive events; relationships between seismic activity and fluid
flow in diffuse and black smoker sites; and how changes in fluid
temperature and chemistry impacts microbial and macrofaunal
communities. Here, formation of snowblowers associated with
diking eruptive events provides insights into the deep biosphere.
Infrastructure
The submarine network includes two high power (8 kW)
and bandwidth (10 Gb/s) telecommunication fiber-optic subsea
cables extending westward from a Shore Station in Pacific City,
OR (Figure 2). The northern branch extends∼480 km across the
Juan de Fuca Plate to Axial Seamount. The second branch runs
parallel to the northern branch initially, but extends southward
208 km along the base of the Cascadia Subduction Zone (2900 m
water depth) and then eastward 147 km to 80 m water depth
offshore of Newport, Oregon. The RCA is composed of (1)
Primary Infrastructure that includes the Shore Station, ∼900 km
of submarine backbone fiber optic cables, and seven Primary
Nodes; and (2) the Secondary Infrastructure that includes 33 km
of extension cables, 18 junction boxes, 6 moorings, and more than
140 cabled instruments.
Primary Infrastructure
The Shore Station is the terrestrial termination facility for the
RCA system (Figure 2). A suite of high-voltage components
provides 10 kV DC output for transmission to the undersea
cables and nodes. Network management systems allow controlled
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FIGURE 3 | (a) Summit and flanks of Axial Seamount showing location of the 2011 and 2015 eruptions in relation to the RCA infrastructure installed in 2014. Figure
credit: Center for Environmental Visualization, UW School of Oceanography. (b) Left – Number of earthquakes each day as streamed to shore live by RCA
short-period seismometers and the initiation of the April 24, 2015 eruptive event (after Wilcock et al., 2016). Right – Coincident deflation of the seafloor measured by
cabled bottom pressure-tilt instruments and increase in water temperatures (https://www.pmel.noaa.gov/eoi/rsn/24April2015_event.html; after Xu et al., 2018).
(c) Diffusive (10–100 Hz) hydrophone signals indicative of explosive events and increase in water temperatures in the caldera following (after Caplan-Auerbach et al.,
2018). (dx) Daily forecast of eruptive threshold by W. Chadwick based on detided data from the cabled bottom pressure-tilt instruments.
allocation of resources across the network (e.g., power) and
real-time monitoring of communication and power systems for
activity, status, utilization, and alarms. The systems also receive
and aggregate streaming science data from the Primary Nodes.
Three redundant high-bandwidth terrestrial telecommunication
backhaul cables provide connectivity from the Shore Station
to the Pacific Northwest Gigapop (PNWGP), Seattle, WA. The
PNWGP Internet network provides transfer of RCA data to the
OOI Cyberinfrastructure at Rutgers University and to the UW
Operations Center.
The two northern and southern submarine Backbone Cables
provide power and redundant communication to each Primary
Node, which are distribution centers for extension cables that
provide direct access to the specific sites of scientific interest.
Each Primary Node provides 8 kW of total power, 10 GbE
bandwidth, and pulse per second (PPS) timing. Five science
ports (1 GbE, 375 V), two high- bandwidth science ports
(10 GbE, 375 V), and two backbone expansion ports (10 kV)
on each node provide power and communication to the
secondary junction boxes.
Secondary Infrastructure
Key observational sites are accessed by the Secondary
Infrastructure, which includes 33 km of extension cables, 18 low-
and medium-power junction boxes and low-voltage nodes, three
instrumented Shallow Profiler Moorings, three instrumented
Deep Profiler Moorings, and 140 instruments of>30 types.
To access specific experimental sites, low- to medium-power
and low-voltage Junction Boxes (Secondary Nodes), designed
and built by the UW Applied Physics Laboratory (APL), are
connected to the Primary Nodes by extension cables that can
reach up to ∼5 km in length. Each junction box includes
eight configurable instrument ports, and all 18 have been fully
operational since installation in 2014.
Frontiers in Marine Science | www.frontiersin.org 6 March 2019 | Volume 6 | Article 74
fmars-06-00074 March 1, 2019 Time: 16:1 # 7
Trowbridge et al. The Ocean Observatories Initiative
Pairs of Deep Profiler and Shallow Profiler Moorings are
located at Slope Base (2900 m), on the Oregon Margin at the
Endurance Offshore (600 m), and at the base of Axial Seamount
(2600 m). The moorings includereal-time command and control,
and are designed to measure global and local currents,
megaplumes, ocean chemistry (e.g., pH, CO2, nutrients), heat
flux, thin layers, and biological parameters (e.g., zooplankton
times series distribution and chlorophyll).
The Deep Profiler mooring is a single cabled, vertical mooring
that hosts an instrumented McLane wire-following vehicle that
measures ocean properties from ∼10 m above the seafloor to
∼ 150 m water depth. A basal docking station provides inductive
charging for the vehicle battery and inductive communications
during profiling. While in the dock, a Wi-Fi antenna provides
high-speed download of stored profiler datasets from the vehicle,
with data transmission to shore via the cabled network.
The state-of-the-art cabled Shallow Profiler Mooring is a
two-legged mooring built by the UW APL (McRae, 2016).
The mooring includes a 3.66 m wide and 7,000-lb platform
situated at ∼200 m water depth. Each platform, which receives
up to 3 kW power, hosts a stationary, instrumented Platform
Interface Assembly and a winched Science Pod that traverses
the upper ∼200 m water column to ∼5 m beneath the
oceans’ surface, depending on wave conditions. Real-time two-
way communication capabilities of the Cabled Array interface
with an array of 15 to 18 science instruments. The operating
system provides command and control capabilities that include
implementation and switching of predefined missions, and
changing of mission parameters “on the fly” with commands
from the UW Operations Center. Current profiler missions
include 9 round-trip profiles/day through the water column
with automated stops at specific depths on the downcast of two
of them to allow the profiler pod to stop at specific depths
and turning of instruments on and off that require stationary
measurements (e.g., pCO2). Engineering and science data are
streamed back live to shore and the profilers have conducted
>30,000 profiles since 2015. Significant expansion capabilities
are also built into the mooring assembly for addition of new
technologies (e.g., flow cytometers, 3D imagers, DNA analyzers).
In concert, the instrument and platform capabilities allow high
temporal and spatial measurements (e.g., upcast at 5 cm/s) to
be made that were never before possible. Because of shore-
based mission control, instruments on the winched Science Pod
are particularly well suited to examine, in real-time, biologically
rich thin layers 1–2 m thick or less, stemming from small scale
chemical or hydrodynamic gradients. A complementary set of
instruments near the seafloor address hypoxia, tsunami, and
seismic events; internal tides; and flow of currents onto the shelf.
In addition to the water column instruments on the
moorings and near the seafloor, an interdisciplinary suite of
seafloor instruments is focused on geophysical, biogeochemical,
and physical processes associated with deformation along
the subduction zone margin, and at Axial Seamount, crustal
formation, hydrothermal vents, and methane seeps. Geophysical
instruments are located at Slope Base, Southern Hydrate Ridge,
Axial Base, and at the summit of Axial Seamount. Many of
the geophysical-biogeochemical-physical instruments are novel
to the RCA, including in situ mass spectrometers, pore-fluid
flow meters, hydrothermal fluid and particulate DNA samplers,
bottom pressure-tilt instruments, and a temperature-resistivity
instrument and pH-H2S-temperature instrument located in
>300◦C chimney orifices.
Science Highlights
In 2016, NSF announced opportunities for proposals to use
OOI data and to add instrumentation onto the OOI arrays.
A key outcome of this was that numerous awards were made
to non-OOI Principal Investigators (PIs) to add instrumentation
onto the RCA, facilitated by the systems significant built-
in expansion capabilities and real-time command and control
and data flow. New awards were distributed among multiple
funding agencies that included the NSF, Office of Naval
Research, NASA, and an international award from Germany.
PI instrument awards included the addition to the RCA of
two instruments that provide high resolution drift-corrected
pressure measurements for geodynamic studies on volcanoes
and subduction zones; a short baseline flipping tilt meter for
deformation studies at Axial, with follow-on applications for
detecting slow slip events; sonars for quantifying hydrothermal
plumes and bubble plumes emanating from methane seeps
and associated changes in seafloor geomorphology; and energy
extraction from hydrothermal vents.
Several NSF OOI data-use awards were made also made
for numerous RCA data projects focused on Axial Seamount,
with emphasis on the 2015 eruption. Results from these studies
provide unprecedented insights into the eruptive evolution of
this highly active volcano and have led to the first predictive
models of when a submarine eruption will occur (Figure 3)
(Nooner and Chadwick, 2016). On April 24, 2015 the cabled
network captured live the eruption of Axial. Over an ∼24 h
period >8,000 earthquakes were recorded (Wilcock et al., 2016)
and the seafloor fell by >2 m (Nooner and Chadwick, 2016).
Several lava flows erupted on the Northern Rift, one of which
reached 127 m in thickness (Kelley et al., 2014; Chadwick et al.,
2016). Over 37,000 water-born impulsive events, consistent with
underwater explosions, were recorded spatially associated with
the lava flows (Wilcock et al., 2016). Explosions near the northern
flows continued until May 21, coincident with when the caldera
started inflating again (Wilcock et al., 2016). Diffuse, prolonged
broadband signals over four distinct time periods starting April
24 and lasting ∼2 min to 1 h duration are interpreted to
reflect explosive degassing and production of ash material similar
to explosive volcanism observed in Hawaii (Caplan-Auerbach
et al., 2018); ash was also observed on RCA instruments in the
central portion of the caldera. Some of the diffuse signals were
coincident with an 0.6–0.7◦C increase in water temperatures
across the southern half of the caldera, which may reflect the
release of warm dense brines previously stored in the crust
(Xu et al., 2018) through phase segregation processes associated
with boiling and supercritical phase separation (Butterfield
et al., 1990; Kelley et al., 2002). Warm circulation of fluids
within and out of the northern flows, elevated in methane
and hydrogen, formed snow blowers and near seafloor plumes
with microbiologically distinct communities (Spietz et al., 2018).
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Real-time data from the RCA bottom pressure-tilt instruments
at Axial are currently incorporated into inflation models for
forecasting when thresholds will may be reached for a new
eruption, based on the three prior eruptive events (Chadwick1 ).
COASTAL ENDURANCE ARRAY
Science Drivers
As far back as 2003, a research-driven coastal observatory was
visualized as a long-term Endurance Array and a relocatable
Pioneer Array (Jahnke et al., 2003). The Endurance Array would
provide continuous observations at key locations, documenting
episodic events and longer-term changes and would complement
existing and planned regional observations. The Pioneer Array
(Section “Coastal Pioneer Array”) in turn would provide higher
resolution for process studies.
The OOI Endurance Array proposed and funded from these
early concepts is located off the coasts of Oregon and Washington
in an archetypal coastal upwelling system. Its location, platforms
and sensors were designed to address the major OOI Science
Themes of Ocean-Atmosphere Exchange, Ocean Circulation,
Mixing and Ecosystems, Climate Variability and Ecosystems, and
Coastal Ocean Dynamics and Ecosystems with a particular focus
on Hypoxia on Continental Shelves and Shelf/Slope Exchange
(ORION Executive Steering Committee, 2007).
Physically, the coastal ocean off Oregon and Washington is
characterized by a relatively narrow shelf, wind-driven upwelling
and downwelling, and buoyancy forcing from regional rivers
including the Columbia River, the largest source of freshwater
to the US west coast. Regional mesoscale variability is forced by
bathymetry, fluid dynamical instabilities and coastally trapped
waves. At the largest scales, interannual variability is forced
by fluctuations in the tropical Pacific (e.g., El Niño Southern
Oscillation), as well as variations in the large-scale circulation of
the North Pacific (e.g., Pacific Decadal Oscillation).
The chemical and biological variability of the regional
ecosystem is embedded within the larger California Current
Ecosystem (Mackas, 2006). Oregon and Washington coastal
waters are home to a diverse range of fisheries that rely on
the injection of nutrients into the euphotic zone by upwelling
and the subsequent blooms of phytoplankton that form the
base of the oceanic food web. The amount and timing of the
spring-summer upwelling season is crucial to the regional
ecosystem. At longer time scales, interannual variability can
drive ecosystem variability such as swings between northern,
“fatty” zooplankton and southern, “skinny” zooplankton
(Peterson and Schwing, 2003).
In recent years, hypoxic and even anoxic events have regularly
occurred off Washington and Oregon as they have in upwelling
regions worldwide (Grantham et al., 2004; Chan et al., 2008).
During these same years, the threat of Ocean Acidification to
marine organisms in this area and across the California Current
Ecosystem has become very clear (Feely et al., 2008; Barton et al.,
2012; Klinger et al., 2017). While a known threat to ocean and
1https://www.pmel.noaa.gov/eoi/rsn/
human health, harmful algal blooms in this region (Trainer et al.,
2009) were particularly severe during recent years with the upper-
ocean warming introduced by the “Warm Blob” (McCabe et al.,
2016; McKibben et al., 2017).
Within the coastal ocean, physical processes, water properties
and biological community size and composition vary most
strongly in the cross-shelf direction. A well-instrumented array
spanning the continental shelf is key to sorting out physical
and ecosystem response across this strong gradient. Shelf
stratification and upper-ocean properties differ north and south
of the Columbia River, so observations along both lines are
needed to understand coastal ocean ecosystem responses. The
whole system shows strong, linked variability from diurnal to
synoptic, seasonal and interannual time scales. The observational
requirements that ocean properties from physics, to chemistry
to biology be measured on many different time and space scales
drive the design of the Endurance Array infrastructure.
Infrastructure
The Endurance moored array includes the Oregon Line, off
Newport near 44.6◦N, and the Washington Line, off Grays
Harbor near 47◦N (Figure 4). These lines each have three sites.
One at the inner shelf (∼25–30 m water depth, 4–6 km from
shore, “Inshore”), the “Shelf ” (∼80–90 m depth, 20–30 km
from shore), and the continental slope (∼500–600 m depth, 60–
65 km from shore, “Offshore”). These cross-shelf locations were
chosen to sample distinct dynamical regions: the inner shelf
where wind, waves and river plumes all influence the circulation
and stratification, and where the ocean connects to the sandy
shores and rocky intertidal reefs; the shelf where upwelling fronts,
alongshore jets and plankton blooms are found, and where the
bottom is muddy and near-bottom hypoxia has been observed
to peak; and the continental slope where a subsurface, poleward
undercurrent exists, zooplankton migrate from a few hundred
meters to the surface each day and night, and wind-stress curl
and offshore eddies interact with the coastal circulation.
The Endurance Array shares platform types found across
the OOI. Each Endurance Array site includes a surface buoy
with measurements, profiling water column measurements and
near bottom measurements. On the Oregon line, the Endurance
Array near-bottom and water column instruments are operated
and maintained as part of the Regional Cabled Array (Section
“Regional Cabled Array”). Glider lines connect the Endurance
Array sites in the cross-shelf direction and provide some measure
of along-shelf resolution.
The Endurance Array employs three types of surface
moorings, the coastal surface mooring (CSM), inshore surface
mooring, and coastal profiler mooring (CPM). At the shelf and
offshore sites, CSMs such as the one shown in Figure 5 support
meteorological and oceanographic instruments on the buoy.
Within the euphotic zone, there is a highly instrumented platform
at 7-m depth. Physical, chemical and bio-optical measurements
are made here. These buoys and their near surface frames are the
same design used on the Pioneer Array (see discussion in Section
“Coastal Pioneer Array”). At the Oregon shelf and offshore sites,
the buoys are connected to an un-instrumented recovery frame
at the bottom. For these sites, the near bottom observations are
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FIGURE 4 | The Endurance Array mooring locations (numbered dots) and glider track lines (dashed) are shown relative to the Pacific Northwest US continental shelf
(gray) and slope (medium blue). The Endurance array mooring lines include the Washington Line sampling north of the Columbia River and the Oregon Line sampling
south of the river. The Oregon line is tied in with the Regional Cabled Array at the Oregon shelf and offshore sites. Figure credit: Center for Environmental
Visualization, UW School of Oceanography.
provided by the benthic experiment packages deployed as part
of the RCA (Figure 5 and Section “Regional Cabled Array”). At
the Washington sites and at the Oregon inshore site, the surface
moorings are connected to an instrumented multifunction node
as at the Pioneer Array. This platform is similar to the bottom
frame depicted below the surface mooring in Figure 5, but
it is fully instrumented with near-real time reporting through
the surface mooring. The cabled benthic experiment packages
and instrumented multifunction nodes are designed to provide
similar capabilities insofar as is possible.
The second type of surface mooring deployed on the
Endurance Array is the inshore CSM. These moorings are
designed to provide year round coverage at the Oregon and
Washington inshore sites. Due to high wave events in winter,
the inner-shelf has historically been a very difficult area to
measure. Endurance inshore moorings meet this challenge using
submersible surface buoys attached to the seafloor instrument
package with a flexible mechanical and electrical element that
can stretch up to two times its length. The moorings have
a reduced set of measurements on the buoy itself, but have
the same near surface and bottom platforms and instruments
as other OOI CSMs.
All Endurance surface moorings are paired with a profiling
mooring to link the surface and bottom fixed measurements.
The Endurance Array has four types of profilers. All have self-
contained instrument packages that move up and down through
the water column and provide fine (0.25 m) vertical resolution at
a fixed location. At the Oregon offshore site, the surface mooring
is paired with the RCA Shallow and Deep Profiler Moorings (see
Section “Regional Cabled Array”). These profilers use the high
power and bandwidth capabilities of the RCA. Other Endurance
sites are paired with uncabled profilers. At the Washington
offshore site, the surface mooring is paired with the third surface
mooring type on Endurance. The CPM supports an uncabled
wire following profiler identical to those deployed on Pioneer
(see Section “Coastal Pioneer Array”). These profilers carry low-
power instruments measuring temperature, salinity, pressure,
water velocity, light, chlorophyll fluorescence, light backscatter
from particles, and dissolved oxygen.
The Endurance shelf and inshore sites off Oregon and
Washington (four sites total) are paired with coastal surface
piercing profilers (CSPP’s) as shown in Figure 5. Endurance
Array engineers and scientists worked with Sea-Bird Scientific’s
WET Labs to make the original autonomous coastal profiling
concept (Barnard et al., 2010) more robust. The CSPP’s
measure from a few meters above the sea floor to the air-sea
interface. Their capability to measure to the air-sea interface is
unique among OOI profilers. CSPP instruments include nitrate,
light attenuation and absorption, and spectral irradiance in
addition those noted above. CSPP’s are part of the year round
sampling plan at the Oregon and Washington shelf sites. At
the inshore sites, CSPP’s are deployed between about April and
September as the wave climate precludes deployment between
October and March.
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FIGURE 5 | Schematic of the Endurance Array Oregon Shelf site showing the platforms spanning from the air-sea interface to the seabed. The surface mooring
includes buoy and near surface instrument frame sensors. The coastal surface piercing profiler provides high vertical resolution water column measurements. The
Oregon Shelf and Offshore sites link the Regional Cabled Array (RCA) and the Endurance Array. The near-bottom sensors at this site are part of the RCA. While
platform types vary across the Endurance Array, other sites provide analogous top to bottom coverage. Figure credit: Center for Environmental Visualization, UW
School of Oceanography.
Underwater gliders provide the greatest geographic coverage,
spanning about 500 km from northern Washington south to
Coos Bay, Oregon (Figure 4). The two glider lines on the
Endurance Array main mooring lines of Newport, Oregon,
and Grays Harbor, Washington, run from the coast to 128◦W,
about 300 km. Gliders with 200-m buoyancy pumps sample
the inshore parts of the cross-shelf lines weekly in order
to capture wind-driven changes, while gliders equipped with
1000-m pumps sample the offshore parts of the lines less
frequently to measure the more slowly varying deep ocean.
Glider coverage is prioritized along the Washington and Oregon
lines. The gliders sample the fine vertical structure of the
ocean from the sea surface to within meters of the seafloor or
up to 1000 m depth, whichever is deepest. Endurance coastal
gliders have the same low-power sensors as those on Pioneer.
Sensors consist of CTD, photosynthetically active radiation,
oxygen, three-channel bio-optics (chl-a, CDOOM fluorescence
and backscatter), and 600 kHz ADCP.
All the Endurance Array platforms and sites including
profilers and gliders measure essential ocean variables such
as temperature, salinity, pressure, water velocity, chlorophyll
fluorescence, and dissolved oxygen. Instruments that require
significant power, space and bandwidth are deployed as fixed
instruments on the moorings. These instruments include the
full suite of meteorological instruments on the buoys, and
chemical, bio-optical and bio-acoustic instruments near the
surface and at the bottom. A partial list of Endurance fixed
depth measurements includes partial pressure of carbon dioxide,
pH, nitrate, multi-spectral optical attenuation and absorption,
spectral irradiance, three frequency acoustic backscatter, and
digital still images. Together, the Endurance moored instruments
monitor and characterize many elements of the local physics,
chemistry, and biology.
The Endurance instrument sampling protocols are designed
to satisfy science requirements for observing coastal ocean
phenomena. On the surface moorings, all instruments collect
at least one burst of data per hour and there additional evenly
spaced bursts as there is power to support. A few instruments
are limited by chemical reagents and a couple are limited by
calibration drift. The uncabled Coastal Surface Piercing Profiler
is designed so that its instruments can measure the water column
with the same 0.25-m resolution as the underwater gliders; the
CSPP’s CTD measures every 1.5-cm with the goal to resolve “thin
layers” of plankton.
Science Highlights
Here we focus on results pertinent to two Key Endurance science
drivers, Climate Variability and Ecosystems, and Hypoxia on
Continental Shelves. Henderikx Freitas et al. (2018) describe and
contrast variability between the Washington and Oregon shelves
using OOI and satellite data. Barth et al. (in press) use OOI data
Frontiers in Marine Science | www.frontiersin.org 10 March 2019 | Volume 6 | Article 74
fmars-06-00074 March 1, 2019 Time: 16:1 # 11
Trowbridge et al. The Ocean Observatories Initiative
FIGURE 6 | Dissolved oxygen (µ Mol kg−1, red) and temperature (◦C, blue) from near the bottom at the 25-m OOI Oregon Inshore mooring, and north-south wind
stress (N m−2, black) from the OOI Oregon Shelf surface mooring. Levels of dissolved oxygen for hypoxia (∼62 µ Mol kg−1, 1.4 mL/L) and “severe” hypoxia
(∼22 µ Mol kg−1, 0.5 mL/L) are indicated by horizontal red lines (Adapted from Barth et al., in press). Reproduced with permission from the Oceanography Society.
to describe short term changes in hypoxia over the Oregon inner
shelf in response to wind forcing.
Henderikx Freitas et al. (2018) incorporate OOI mooring, and
glider estimates of chlorophyll-a and chromophoric dissolved
organic matter (CDOM) fluorescence over the Endurance
Washington and Oregon lines to characterize seasonal patterns
cross-shelf gradients in particle concentrations between the
Washington and Oregon shelves. The Columbia River exerts
a strong seasonal influence on the Washington shelf, but
smaller coastal rivers and resuspension processes also appear
important in determining particle distributions nearshore during
winter. Glider chlorophyll fluorescence is similar in magnitude
across the two shelves for the period examined. The in situ
observations contrast with differences observed from satellite
data, which show higher chlorophyll concentrations off the
Washington coast. Their research suggests that differences in
CDOM between Washington and Oregon may be a partial
explanation for perceived trends in satellite-derived chlorophyll.
However, greater temporal and spatial coverage of OOI data
sets is needed to more conclusively link physical forcing and
biogeochemical responses.
Barth et al. (in press) use OOI Endurance Array data to
describe a low-oxygen event off central Oregon. Changes in near-
bottom oxygen off central Oregon vary through the summer
season (Adams et al., 2013), but can also vary on the time scale
of days as the wind-driven upwelling circulation advects the
low dissolved oxygen pool back and forth across the shelf. Data
from July 2017 illustrate this variability when several upwelling-
favorable (southward) and downwelling-favorable (northward)
wind events lasting from 2 to 10 days influenced near-bottom
oxygen off Newport, Oregon (Figure 6).
During this time, near-bottom dissolved oxygen levels at the
bottom of the OOI Oregon Inshore Surface mooring were often
below the hypoxia threshold. When winds blow to the south,
the near-bottom temperature decreases due to coastal upwelling,
with a slight lag relative to the wind. During these upwelling
events, near-bottom oxygen usually decreases, a good example of
which is from 23 to 25 July. Conversely, during wind relaxation or
downwelling the near-bottom temperature and dissolved oxygen
increase rapidly. These changes are consistent with the upwelling
circulation drawing near-bottom cold water low in dissolved
oxygen toward the coast during upwelling and pushing warm
water containing more oxygen down and away from the coast
near the bottom during downwelling. The dissolved oxygen does
not follow the winds or temperature as clearly as temperature
follows the wind because there are the additional biological
processes of photosynthesis and microbial decay that raise or
lower dissolved oxygen levels, respectively. Since this report, OOI
data continue to be used to characterize hypoxia in summer
2018. There is increasing interest in, and use of, OOI data by
mission oriented agencies such as the Oregon Department of
Fish and Wildlife.
From a larger northeast Pacific perspective, the Endurance
Array is part of a more extensive observational capability in
this region that includes the OOI Cabled Array, the OOI
global site at Station Papa augmented by National Oceanic and
Atmospheric Administration (NOAA) assets (see Section “Global
Arrays”), the Ocean Networks Canada NEPTUNE and VENUS
arrays, observations acquired by the Northwest Association of
Networked Ocean Observing Systems (NANOOS) and other
assets (see Barth et al., in press). This combination of ocean
observatories allows regional climate and ocean phenomena to
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be tracked from formation to impact. An excellent example,
predicted during the design phase of the OOI, was the formation
of an anomalous “Warm Blob” in the Gulf of Alaska during late
2013 and early 2014 and its subsequent spread to the US west
coast over recent years (Bond et al., 2015).
COASTAL PIONEER ARRAY
Science Drivers
The primary science driver for the Pioneer Array is
understanding the processes of cross-frontal exchange between
the continental shelf and slope, and their relation to synoptic,
seasonal, and inter-annual forcing. The Pioneer Array is most
closely aligned with themes (1), (2) and (4) of the OOI (ORION
Executive Steering Committee, 2005): ocean-atmosphere
exchange, climate variability, ocean circulation and ecosystems,
and coastal ocean dynamics and ecosystems. The key science
question articulated in the OOI Science Prospectus (ORION
Executive Steering Committee, 2007) remains valid: How do
shelf/slope exchange processes structure the physics, chemistry,
and biology of continental shelves? This overarching question
was refined at a 2011 community workshop to include four
additional concepts: nutrient and carbon cycling; phytoplankton
production, distribution, and diversity; extreme events, including
winter storms and hurricanes; and controls on distribution and
abundance of zooplankton and higher trophic levels.
Exchange processes transferring heat, salt, nutrients and
organic matter between continental shelves and the deep sea are
complex due to spatial and temporal complexity on a range of
scales. Horizontal scales range from a few kilometers to 100 km,
while vertical scales range from a few meters to the full water
column (∼100 m). It is difficult for a given observing platform
type to effectively observe this range of scales. Some exchange
processes occur over a few days and others may be sustained
for months. Extreme events such as storms and the interaction
of Gulf Stream eddies and filaments play important roles in
exchange, but intermittent and only occasionally observed by
expeditionary observing approaches.
The Pioneer Array is located over the continental shelf and
slope in the Northwest Atlantic Ocean, centered about 80 nm
south of Cape Cod (Figure 7). The characteristic dynamical
feature in the region is the shelfbreak front. The front separates
relatively cold, fresh water on the continental shelf from the
warmer saltier water of the slope sea. The front is typically
located near break in topography between shelf and slope –
roughly the 150 m isobath. The Pioneer Array location was
chosen to focus on frontal processes and to minimize the
influence of other features such as canyons, river outflows, and
the Gulf Stream. Prior process studies in the region provided
information about the horizontal, vertical, and temporal scales
in the region, allowing a deliberate approach to array design
(Gawarkiewicz and Plueddemann, in press).
Infrastructure
In order to resolve multiple spatial scales, the Pioneer Array
contains a combination of fixed and mobile platforms (Figure 8).
The moored array is centered near the shelfbreak front and
samples the shelf waters inshore and the slope sea offshore.
Buoyancy-driven ocean gliders patrol the frontal region as well
as the slope sea to the south. Propeller-driven Autonomous
Underwater Vehicles (AUVs) provide “snapshots” of cross- and
along-shelf structure in the vicinity of the front.
The Pioneer moored array includes seven sites between 95
and 450 m depth and utilizes two different mooring types.
CSMs are distinguished by a surface buoy with a 3 m tower
which in includes telemetry systems, power generation from
solar panels and wind turbines, and sensors for meteorological
and sea-surface observations. CSMs also have a Near Surface
Instrument Frame (NSIF) at 7 m depth and an instrumented
Multi-Function Node (MFN) on the sea floor that incorporates
an anchor. The NSIF and MFN support an interdisciplinary
sensor suite measuring a variety of essential ocean variables
(see Section “Infrastructure”). The CSM mooring riser contains
stretch hoses with coiled conductors that provide electrical
connectivity for power and communication from the buoy to
instruments on the NSIF and MFN. CPMs are distinguished
by McLane wire-following profilers which travel up and down
a section of jacketed wire rope and upward-looking Acoustic
Doppler Profilers mounted below the lower profiler bump-stop.
Instrumentation on the CPMs is the same as described for the
Endurance Array (Section “Infrastructure”). CPMs have surface
buoys with communication systems analogous to those on the
CSMs, but do not carry instrumentation or power generation
equipment. Specially designed systems associated with the MFN
and the CPM anchors allow all Pioneer Array mooring anchors
to be recovered and reused.
In winter, there are ten moorings occupying the seven Pioneer
sites; all sites contain CPMs and three sites contain both CSM
and CPM. In summer, CPMs at the central and inshore sites
are replaced by profiling gliders (see description below). The
mooring array spans along- and across-shelf distances of 9 and
47 km, respectively, and moorings are separated from each other
by distances of 9.2 to 17.5 km. At the inshore (95 m) and offshore
(450 m) ends of the array, there are mooring sites along the same
isobath separated by 9 km, intended to provide the ability to
estimate cross-shore gradients and property fluxes.
To provide multiscale observations of the frontal region, and
the slope sea, the mooring array is supplemented by two types of
autonomous vehicles. Coastal Gliders are custom configurations
of the Teledyne Webb Research Slocum G2, and are designed
for shallow-water operations (either 200 m or 1000 m buoyancy
engines). Six track-line following gliders are piloted along
five pre-defined routes within the glider operating area of
185 km × 130 km. Two profiling gliders, which “hold station”
to provide a virtual mooring, are operated at inshore and central
Pioneer Array sites in summer. This provides observations of
near-surface stratification that would be missed by CPMs. The
Pioneer gliders have a nominal three-month deployment and
refurbishment cycle and carry the same sensors as the Endurance
gliders. The two Pioneer AUVs are Kongsberg-Hydroid REMUS-
600 vehicles with a payload customized to meet OOI science
requirements. Variables measured match those of the gliders,
while adding velocity profiles and nitrate. Although the original
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FIGURE 7 | The Pioneer Array mooring locations (numbered dots) and glider track lines (dashed) are shown relative to the northeast US continental shelf and slope.
The AUVs operate in the vicinity of the moored array. The shelfbreak front is a persistent feature found where the relatively flat shelf transitions to the slope (indicated
by the bathymetry color change). Figure credit: Center for Environmental Visualization, UW School of Oceanography.
FIGURE 8 | Schematic of the Pioneer Array showing the moored array spanning the continental shelf and slope and representations of glider and AUV track lines.
Breakouts highlight major array elements. Figure credit: Center for Environmental Visualization, UW School of Oceanography.
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vision was for the AUVs to be operated from and recharged by
seafloor docking stations, a decision was made in 2016 to operate
the AUVs in campaign mode from ships. The nominal AUV
missions are 14 km × 47 km rectangles centered on the mooring
array, one oriented along-shelf and one oriented cross-shelf.
Science Highlights
A variety of scientific results utilizing Pioneer Array data
are published or in progress, and views of the New England
shelfbreak region are changing. Gawarkiewicz et al. (2018)
provide a recent review, noting that that slope waters have been
warmer and saltier, while anomalous onshore intrusions of warm,
salty water associated with warm core rings appear to be more
frequent and penetrate further inshore. Selected examples of
Pioneer-related science results are provided below.
Pre-commissioned data from OOI were used in a study
of an unusual northward excursion of the Gulf Stream
path in October 2011, combined with a large meander that
brought that warm, salty water to the shelfbreak south of
New England (Gawarkiewicz and Plueddemann, in press).
The presence of warm water in the region was noted
by the New England commercial fishing community. Near-
bottom temperature measurements from lobster traps on
the outer continental shelf showed distinct warming events
(temperature increases exceeding 6◦C). OOI Wire Following
Profiler measurements, from a site at about 500 m depth over
the continental slope, confirmed high salinities associated with
the high temperatures, indicating that the warm water on the
continental shelf originated in the Gulf Stream.
A possible explanation for the increase in Gulf Stream
interactions a change in location of the Gulf Stream
destabilization point – where meandering (which eventually
leads to instabilities and eddies) begins. Andres (2016) used
satellite altimetry data to show that the destabilization point
has shifted to the west, and that this has changed increased the
frequency of eddies in the MAB.
Pre-commissioned data from Pioneer gliders were used along
with satellite SST imagery to document an intrusion of Gulf
Stream warm-core ring water onto the Mid-Atlantic Bight
continental shelf (Figure 9; Zhang and Gawarkiewicz, 2015). The
authors argue that this is a previously unknown exchange process,
with the intrusion extending hundreds of kilometers to the
southwest along the shelfbreak. Idealized numerical simulations,
indicate that the intrusion results from topographically induced
vorticity variation of the ring water, rather than from entrainment
in the shelfbreak frontal jet. Such intrusions have important
biogeochemical implications, such as facilitating migration of
marine species across the shelfbreak barrier and transporting
low-nutrient surface Gulf Stream ring water to the otherwise
productive shelfbreak region.
GLOBAL ARRAYS
Science Drivers
Leading science themes for OOI motivated the initial design
of the global arrays: ocean-atmosphere exchange; climate
variability, ocean circulation and ecosystems; turbulent mixing
and biophysical interactions; and modeling and data assimilation.
The Final Network Design added foci on ocean ecosystem
health, climate change, carbon cycling, and ocean acidification.
Aware of the sparseness of ocean sampling at high latitude
regions, community consensus was that the most pressing need
was for sustained, multidisciplinary observations at key high
latitude sites. Further, the need was for time series capturing
the range of variability from the high frequencies and episodic
events to decadal and multidecadal modes. These high latitude
regions, though critical to understanding the ocean’s role in the
earth system, were not yet being observed in a comprehensive,
sustained way due to the technical challenge.
Considerable discussion and community input led to the
identification of the sites for the OOI global nodes. In addition
to having high regional scientific merit, the desire was to
sample contrasting or different biological or biogeochemical
regimes. Figure 10 shows maps that were used in planning.
Very energetic air-sea interaction accompanies the very strong
winds south of about 50◦S, in the North Atlantic southeast
of Greenland, and in the Gulf of Alaska. High ocean heat
loss there contributes to the production of the deep and
intermediate waters. With little in situ data from these regions,
model-based and other characterizations of the air-sea fluxes of
heat, fresh water, momentum, CO2, and other properties have
error and uncertainty, so in situ observations of the surface
meteorology and air-sea fluxes, including direct covariance flux
observations of the turbulent fluxes, would have great value in
building improved understanding of air-sea interaction at high
latitudes, of water mass formation, and of the phytoplankton
blooms found there. Maps of air-sea CO2 flux show flux into
the ocean in the high latitude North Atlantic, North Pacific,
and South Atlantic; but the southeast South Pacific does not
show in this map flux into the ocean. Yet, maps of column
inventory CO2 not only show elevated anthropogenic CO2
inventory close to the source and to where deep-water forms,
but also show elevated column inventory levels in the South
Atlantic, South Indian Ocean, and southeast South Pacific,
suggesting that thermohaline circulation as well as air-sea fluxes
contribute to the column inventory and add to the motivation
to investigate the air-sea exchanges and sequestration of carbon
at high latitudes. From a perspective of biological productivity,
SeaWiFS imagery highlights a strong chlorophyll signal in the
high latitude North Atlantic, a moderate signal in the high
latitude North Pacific, a localized region of productivity off the
coast of southern Argentina in the South Atlantic, and little
productivity in the southeast South Pacific. As the design was
advanced for the global array, there was speculation that while
productivity had no limiting factors in the North Atlantic, the
southeast South Pacific and Gulf of Alaska might be nutrient
rich but iron limited and the southwest South Pacific might
also nutrient rich but iron limited except when it received
dust and aerosols from the South American continent. In situ
sampling of biology and nutrients at high latitudes was needed
to investigate further.
Thus, the plan matured to occupy two sites in the northern
hemisphere and two in the southern hemisphere; all would
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FIGURE 9 | Rapid evolution of temperature and salinity at the Pioneer Array observed by gliders. (a) Sea surface temperature (SST) on 18 May 2014 with the 18◦C
isotherm highlighted (white). (b) SST on 24 May 2014. (c) potential temperature, and (e) salinity from a glider during 14–18 May; PNI denotes an intrusion.
(d,f) Show the same properties as (c,e) a few days later. In (a,b), the trajectory of the glider (green) and vertically averaged current vectors are shown. Gray contours
are the 50, 100, 200 (bold), and 1,000 m isobaths. In (c,d), isopycnals are shown in gray, with a contour interval of 0.25 kg m−3. Tick marks on the upper axes
denote locations of glider profiles. Arrows indicate the direction of glider motion during the indicated dates. (Adapted from Gawarkiewicz et al., 2018). Reproduced
with permission from the Oceanography Society.
be strongly forced, but there would be contrast in the carbon
and biological regimes. In addition, sites with different ocean
dynamics were sought.
The sites chosen included the Irminger Sea (60◦N, 39◦W), the
Southern Ocean (55◦S, 90◦W), the Argentine Basin (42◦S, 42◦W),
and the Gulf of Alaska (50◦N, 145◦W). The Gulf of Alaska had
an existing NOAA surface mooring, and OOI planned to add to
that site to match the other global sites. Observing requirements
included sampling: surface forcing (surface meteorology, air-sea
fluxes), the full water column (sea surface to sea floor), and the
mesoscale and smaller scale horizontal structure and variability.
The Irminger Sea site was identified early in the planning as of
the highest priority. Some of the strongest regional atmospheric
forcing occurs there. Shipboard sampling had shown water
column freshening in the Denmark Straits and Faroe-Shetland
Channel (Dickson et al., 2002) region of the high latitude
North Atlantic for decades, and international attention has
focused on potential changes that could result in the large-scale
thermohaline circulation if freshening arrested deep convection.
Key questions about this site include: What are the processes
that form the deeper water? What is the role of regional air-
sea interaction? What are the roles of the ocean mesoscale and
3-D processes in water mass transformation? Is the ongoing
freshening of the water in the region having an impact on
the water mass transformation and thermohaline circulation?
These questions can be addressed by an OOI global node, which
observes the surface forcing, samples the mesoscale, and has
a planned duration of deployment of 20 to 25 years. Further,
the sampling by the global node would sample year-round and
capture episodic and strong forcing events most likely missed
in the historical record of shipboard sampling. An international
effort, the Overturning in the Subpolar North Atlantic Program
(OSNAP, Lozier et al., 2017), planned to deploy a line of
subsurface moorings spanning the North Atlantic, from the
United Kingdom to Greenland and then from Greenland to
Canada to measure transports to and from the northern North
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FIGURE 10 | Upper left, 10-year mean wind speeds at 50 m height, from https://upload.wikimedia.org/wikipedia/commons/4/46/Global_Annual_50m_Average_
Wind_Speed.png; upper right, long term mean chlorophyll from SeaWiFS, from https://earthobservatory.nasa.gov; lower left, atmosphere-ocean exchange of CO2 in
2000, from https://www.pmel.noaa.gov/co2/files/fluxmap.jpg; lower right, anthropogenic CO2 column inventory from Sabine et al. (2004), from
https://www.pmel.noaa.gov/co2/file/column+inventory+of+anthropogenic+CO2.
Atlantic. Siting of OOI Irminger Sea node was coordinated
with OSNAP, with the two flanking moorings placed in the
OSNAP line of moorings. OOI selection of the Irminger Sea also
reflected community interest in the global ocean carbon cycle,
consideration of biological productivity, and desire to support
investigation of links between ecosystems and climate. The
Irminger Sea region is an area with a high level of anthropogenic
CO2 and a large flux of CO2 into the ocean (Takahashi et al.,
2002; Sabine et al., 2004). It also has as strong spring bloom. The
covariability of species such as Calanus with climate variability
in the region has been studied (Gislason et al., 2015) as has
the poleward migration of marine species in response to climate
variability (Sundby et al., 2016). Thus, the Irminger Sea site’s
data would support study of a region with high wind and large
surface waves, strong atmosphere-ocean exchanges of energy
and gases, deep water formation and CO2 sequestration, high
biological productivity and an important fishery, and a climate
sensitive ecosystem. Further, it represented a convergence and
collaboration of US ocean science studies and observing with
European ocean science and observing efforts.
Another high priority site identified in planning the global
OOI nodes was the high latitude South Pacific. The region near
55◦S, 90◦W, to the west of the southern tip of Chile, is important
from the perspective of the large-scale thermohaline circulation
and had been a focus for study on intermediate water formation
(e.g., Sloyan et al., 2010). Like the Irminger Sea it is strongly
forced and a region of CO2 sequestration with a large fetch and
powerful storms regularly moving west to east. This site would
provide new insight into the challenges that weather, climate,
and ocean models face in regions where very little data exist
for initialization and for verification. It would also provide data
important to improved understanding of the Southern Ocean and
of links between the Southern Ocean and the Antarctic (National
Research Council [NRC], 2015), including the strengthening
westerly winds and their role in increased upwelling of warmer
waters around the Antarctic continent’s ice shelves. Like the
Irminger Sea site, there was interest in regional collaboration, and
Chilean oceanographers and meteorologists looked forward to
data from this site, which is located in a region where weather
systems that move toward Chile originate. From a biological
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perspective, the Southern Ocean site provided a sought-after
contrast with the Irminger Sea, as although it was nutrient rich it
had low biological productivity due to iron limitation (Morrissey
and Bowler, 2012). Further, from a climate perspective, whereas
climate models pointed to a warmer and fresher water column in
the Irminger Sea, climate models suggested a cooling of surface
waters off southern Chile.
As planning proceeded, the NSF placed increasing emphasis
on investigating the carbon cycle. This elevated the priority
placed on occupying a southern hemisphere location of high
biological productivity and led to the selection of the site
at 42◦S, 42◦W in the Argentine Basin, where high biological
productivity is evident in SeaWiFS imagery. Productivity is
believed to be limited by iron, but there is also the possibility
that micronutrients reach that region when transported from the
continent in dust (Li et al., 2008). There is also CO2 sequestration,
and strong atmospheric forcing. Unique to this site in the
global OOI array are very strong currents and elevated eddy
kinetic energy. Strong currents reach the seafloor and suspended
particulate matter (Richardson et al., 1993) and mud waves on
the sea floor (Flood and Shor, 1988) have been studied there in
the past. Eddy kinetic energy levels are similar there to those
in the Gulf Stream (Stammer, 1997), and the site will be an
excellent location for investigation of mesoscale variability and
its role in ocean processes. The confluence of currents there
leads to interest in the interaction of different water masses and
exchange between gyres of mass, heat and salt there (e.g., Jullion
et al., 2010). In planning this site, interest arose from physical
oceanographers and fisheries scientists in Argentina and from the
UK GEOTRACES program, which planned a shipboard sampling
line to investigate cycles of trace elements and isotopes that would
pass near the site and through the Argentine Basin.
The fourth global OOI site was in the Gulf of Alaska at
the historical location of Ocean Weather Station PAPA (50◦N,
145◦W). Observing at this site has had a long history. Over the
years, PAPA data was used in the development of ocean models.
Canadian oceanographers have maintained shipboard sampling
in the years following the removal of the weather ship. PAPA
adds a contrasting regime OOI global node array. There is CO2
sequestration, but the site has the lowest level of anthropogenic
CO2 of the four global nodes. Biologically productivity is thought
to be limited by iron, but the region has an important and
productive fishery. There is long-period variability related to the
Pacific Decadal Oscillation, which may be reflected in the biology
as well as in physical variability. PAPA has low eddy variability
compared to the other sites. PAPA could form the basis for
ongoing collaboration with Canadian oceanographers and with
NOAA Pacific Marine Environmental Laboratory (PMEL).
Global Array Design
The scientific drivers set the capabilities required at a global
node to address the science: surface meteorology and air-sea
fluxes, including of CO2; structure and variability of temperature,
salinity, and velocity from the sea surface to the sea floor;
biological and chemical sampling, including of pH, chlorophyll,
biomass, and nutrients; and provision of as much data as possible
to users in near real time. While sampling in the upper ocean,
including the euphotic zone and the surface mixed layer and
seasonal thermocline, the ability to obtain observations with good
vertical resolution up to and through the sea surface was sought.
In addition, the goal was to push beyond sampling in time and
just the vertical dimension, and to provide the capabilities to
sample the horizontal variability at the mesoscale and smaller
scales. The design of an OOI global scale node developed for high
latitude deployment is shown in Figure 11.
Four moorings are at each site, pairing a surface mooring and
a taut subsurface mooring with a profiler together at one corner
of the triangular moored array and placing two taut subsurface
moorings called Flanking Moorings at the other corners of the
triangle. To complement the moorings, two ocean gliders are
deployed to sample in scales within and around the moored
array and two more gliders collect vertical profiles up through
the sea surface. Thus one corner of the triangle provides the
sampling from the sea surface to the sea floor. The surface
mooring has a well-instrumented surface buoy and carries ocean
sensors in the upper 200 m of the water column. To sample
the full water column, the adjacent taut subsurface mooring is
deployed next to the surface mooring with profiling instruments
that move up and down the wire rope, covering the depths
not sampled by the surface mooring. The full water column
and surface sampling at that corner is complemented by taut
subsurface moorings at the other two corners. These moorings,
the flanking moorings, have surface flotation close to 30 m and
discrete instruments at fixed depths. The sides of the mooring
triangle are roughly 10 times the water depth, with the intent
of sampling the variability associated with the characteristic
eddy scales. Additional sampling of spatial variability within and
around the moored array was to be done with ocean gilders.
Community input emphasized the importance of near-surface
profiles that penetrated the sea surface, and two ocean gliders
were included in the global node design to obtain profiles through
the sea surface.
Further design features were driven by environmental
conditions. The height of the tower of the surface buoy was set
at 5 m in recognition of the anticipated sea states and freezing
spray. The surface buoy had comprehensive and redundant
telemetry systems including Fleet Broadband. To support these
systems and provide power up to about 200 W, rechargeable
lead-acid batteries together with wind turbines and solar panels
were mounted. Two redundant bulk meteorological systems
were deployed together with a direct covariance flux system
at Irminger and Southern Ocean. Access to the data from
the subsurface moorings and the ability to interact with them
was planned via ocean gliders. The subsurface moorings had
controllers that aggregated data from instruments. Gliders with
acoustic modems downloaded these observations and when
back at the surface telemetered these data and could carry
commands from shore back to the subsurface moorings The two
vertically profiling gliders carried between them a 3-wavelength
fluorometer, a CTD, dissolved oxygen sensor, nitrate sensor,
and a photosynthetically available radiation sensor. The gliders
tasked to sample within the volume of the moored array dove
to 1,000 m and carried a 2-wavelength fluorometer, CTD, and
dissolved oxygen sensor.
Frontiers in Marine Science | www.frontiersin.org 17 March 2019 | Volume 6 | Article 74
fmars-06-00074 March 1, 2019 Time: 16:1 # 18
Trowbridge et al. The Ocean Observatories Initiative
FIGURE 11 | A schematic of the Global Irminger Sea Array, with four moorings and several ocean gliders. Figure credit: Center for Environmental Visualization, UW
School of Oceanography.
Science Highlights
Very strong air-sea fluxes of heat and momentum are
anticipated at the Southern Ocean. Ogle et al. (2018) found
episodic heat loss events with daily mean ocean het losses
of up to –294 W m−2 in association with cold, dry air
from the southwest. These extreme heat losses lead to
convective deepening of the mixed layer and formation of
Subantarctic Mode Water. Figure 12 (from Ogle et al., 2018)
illustrates the strong surface forcing and resultant deep mixed
layer formation.
Early results from the OOI moorings at the Irminger
site and the nearby German Central Irminger Sea (CIS) and
Dutch Long-Term Ocean Circulation Observations (LOCO)
moorings have captured winter time convection events in
the winters of 2014–2015 and 2015–2016 and stimulated
great interest the observed spatial variability in the winter
deep convection (de Jong et al., 2018). Figure 13, taken
from that paper, is an amazing distillation of the surface
forcing and ocean observations across the six moorings. Strong
eddy variability was evident and the role of these eddies in
modulating surface layer response to the atmosphere is of
great interest. In addition, the biological and biogeochemical
data from the array are being used to better understand
the biological pump that transports carbon into the deep
ocean and the contributions to the biological pump from
the spring bloom of plankton as well as the deep winter
mixed layer formation and accompanying sinking of particles
(Palevsky and Nicholson, 2018).
THE FUTURE
Submarine cabled observatories are an emerging technological
trend as shown by the installation of observatories in Japan,
Taiwan, Norway, China, and Canada, as well as numerous
smaller ones in the Mediterranean (Delaney and Kelley, 2015).
The provision of high bandwidth and power to submarine
cables that span tectonic plates, full ocean depths, and coastal
marine environments provides powerful infrastructure/facilities
to optimize next-generation science in the ocean basins by
fully capitalizing on a suite of emergent technologies. These
cutting edge capabilities include, but are not limited to,
nanotechnology, biotechnology, information technology, in situ
genomic analysis, mass spectrometry, computational modeling,
imaging technologies, and robotics. More powerful than any
single technology will be their progressive integration into highly
sophisticated submarine systems designed to conduct challenging
remote operations in novel ways coupled with Cloud Computing
and Ocean Informatics.
Science questions pertaining to coastal ocean dynamics and
ecosystems change drove much of the design of the Endurance
Array. Science drivers such as hypoxia, ocean acidification,
swings between zooplankton species, and harmful algal blooms
remain a focus of the array. However, in the 10 years since
the array design, additional significant, and in some cases
unanticipated, rapid ecosystem changes have been observed. The
recent 2013–2015 warm “blob” event drove significant ecosystem
changes in the Endurance Array region (Cavole et al., 2016)
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FIGURE 12 | Figure 3 from Ogle et al. (2018) shows in panel (A) the sum of the daily latent and sensible heat losses, with extreme events marked in red, in panel
(B) the relative wind speed, in panel (C) the north (black) and east (blue) wind components, in panel (D) the air-temperature gradient, SST minus air temperature, in
panel (E) the air-sea humidity gradient, surface saturated specific humidity minus buoy specific humidity, in panel (F) mixed layer depths from Argo floats and the
profiler mooring, and in panel (G) a contour plot of potential density with the black line the boundary of Subantarctic Mode Water. Reproduced with permission from
the American Geophysical Union and from John Wiley and Sons.
including shifts in species composition. Events like sea star
wasting disease (Menge et al., 2016) and the recent abundance
of pyrosomes off Oregon and Washington (Sutherland et al.,
2018) may be a preview of long term changes in the region.
The Endurance Array glider grid occupies the northern end of
a west-coast underwater glider array that spans from the Strait
of Juan de Fuca in the north to San Diego, California, in the
south, and includes about ten, long cross-margin lines. This
glider array will be key to tracking the north-south progression
of climate events into the Pacific Northwest from both the
north (warm blob) and the south (El Niño/La Niña). Like
other elements of OOI, the Endurance Array has the expansion
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FIGURE 13 | From de Jong et al. (2018). A shows the turbulent heat flux at the most northerly mooring OOI HYPM) and most southerly mooring (LOCO). B
summarizes mixed layer depth (size of the shaded circles) and temperature (color) and velocities (arrows). C shows daily maximum mixed layer depth (blue) and
100 m depth temperatures from four of the moorings. Reproduced with permission from the Oceanography Society.
capability to accommodate sensors added by individual principal
investigators. The Endurance Array and Cabled Array can host
additional hydrophones to help track tagged fish species of
interest in the Pacific Northwest, e.g., green sturgeon that occupy
similar isobaths ranges as anticipated marine renewable energy
devices. Emerging technologies such as genomic sensors (e.g.,
harmful algal blooms (HABs), eDNA, toxins), and imaging
sensors (e.g., plankton) together with the long term core physical,
chemical and biological measurements on the Endurance Array
would be a powerful combination and provide unique insights
into regional ecosystem changes.
Recent research on shelf/slope processes in the Middle
Atlantic Bight indicates long-term warming of the continental
shelf (Forsyth et al., 2015) with potential impacts on ecosystems
(Pershing et al., 2015; Hare et al., 2016), as well as anomalously
warm years (Chen et al., 2014) that have impacts on
commercial fisheries (Mills et al., 2013; Gawarkiewicz et al.,
2018). New processes (Zhang and Gawarkiewicz, 2015) and
unusual phenomena (Gawarkiewicz and Plueddemann, in press)
impacting shelf/slope exchange have been exposed as offshore
forcing, perhaps due to a change in the destabilization point
of the Gulf Stream (Andres, 2016), appears to be increasingly
important. The mean frontal conditions appear to be impacted
by these changes (Gawarkiewicz et al., 2018). The impact of
anomalous warming and extreme shelf/slope exchange events
on commercial fisheries has already been realized, and it is
likely that such disruptions will continue. Within this backdrop
of environmental change and societal impacts, the sustained,
multi-scale, multi-platform observations from the Pioneer Array
are of increasing importance. The Pioneer Array supports
a Northeast US Shelf (NES) Long-Term Ecological Research
(LTER) program funded by the NSF2. The Pioneer Array is
anticipated to have impacts beyond the Middle Atlantic Bight.
For example, there is interest in developing shelf and shelfbreak
observatories in the East China Sea, the South China Sea, the Bay
of Bengal and the Norwegian coast. The approach to design and
implementation of the Pioneer Array serves as guidance for these
efforts (Gawarkiewicz and Plueddemann, in press). Furthermore,
an open competition for relocation of the Pioneer Array is
anticipated after 5 years of operation, which will stimulate new
scientific applications in new geographic regions that can benefit
from the Array infrastructure.
The two southern hemisphere sites fill large areas of data
sparse ocean. They have been brought in under the umbrella of
the Southern Ocean Observing Serving (SOOS), an international
group working to develop the Southern Ocean component
of the Global Ocean Observing System (GOOS). The surface
moorings from these sites and their data are drawing high
2https://nes-lter.whoi.edu
Frontiers in Marine Science | www.frontiersin.org 20 March 2019 | Volume 6 | Article 74
fmars-06-00074 March 1, 2019 Time: 16:1 # 21
Trowbridge et al. The Ocean Observatories Initiative
interest and use. Some investigators working to make global
ocean fields of air-sea fluxes (the transfers of heat, freshwater
and momentum) blends satellite observations together with data
from the surface analyses from weather prediction models. They
make an optimal combination by weighting the satellite and
model data to correct for errors and biases. These investigators
have found that quality time series from a surface buoy of air
temperature and humidity, wind speed and direction, incoming
solar and longwave radiation, rain, barometric pressure, and
SST are needed to develop these adjustments and tunings and
that the optimization varies region to region. The Southern
Ocean and Argentine Basin are in cold, dry areas that require
a region-specific tuning, and these investigators have used the
surface mooring data from these sites. Continuation of the
Southern Ocean array is desired to examine the interannual
variability in the surface forcing, mixed layer deepening, and
mode water formation.
The Southern Ocean site has drawn interest from investigators
looking at change and variability in Antarctic. During the
international Year of Polar Prediction-Southern Hemisphere
(YOPP-SH), the predictability of Southern Ocean and Antarctic
weather systems has been one focus. To test whether or not the
Southern Ocean data would have impact on regional weather
prediction Southern Ocean surface meteorology, data was passed
on to the Global Telecommunication System (GTS) via the
National Data Buoy Center (NDBC) allowing the European
Centre for Medium Range Weather Forecasting (ECMWF)
to conclude that the Southern Ocean surface mooring data
improved the forecast of synoptic weather systems.
A workshop on Irminger Sea Regional Science was held in
late 2017 at the National Oceanography Centre in Southampton,
United Kingdom. At the highest level, there was high interest
in the Irminger Node from several perspectives. First, the
array was located where we believe there are very large ocean
heat losses and where this cooling makes surface water dense,
causing sinking or convection that converts surface water to
the deeper water that flows southward as part of the large-
scale global circulation. Improved understanding and prediction
of the formation of deeper water at the surface in this region
is the goal of many researchers. Second, there is a strong
desire to get accurate observations of the air-sea fluxes in
the Irminger Sea and thus improve understanding of how
the atmosphere drives the formation of deep water there.
So even though the Irminger Sea surface mooring has had
challenges with icing; the four seasons of partial records are
being analyzed and looked at as the means to identify errors
and biases in model-based estimates of the air-sea fluxes.
Josey et al. (2018) found that the winter of 2014–2015 had
strong wind events associated with Greenland tip jets where
hourly mean heat loss exceeded 800 W m−2. Looking at
following years, year to year variability in net heat loss was
large and linked to the frequency of the Greenland tip jets.
The workshop recommended: sustain OOI Irminger, including
additional sampling on flanking moorings to match OSNAP;
make every effort to improve data return on OOI Irminger
surface buoy, with attention to the surface meteorology and air-
sea fluxes, as these are key to improving understanding of the
surface forcing for the region; deploy routinely gliders as their
non-physical data provide unique, valued information; sustain
the OOI Irminger profiler, as the Dutch LOCO and German CIS
moorings will be discontinued and the OOI Irminger profiler
used to return the profile data needed to observe deep convection
and other processes.
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